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Nuclear Translocation of LIM Kinase Mediates
Rho-Rho Kinase Regulation of Cyclin D1 Expression
absence of stress fibers and the consequent imposition
of cellular tension (Roovers and Assoian, 2003). Rac/
Cdc42 signaling also results in an early G1 phase induc-
Kristin Roovers, Eric A. Klein,
Paola Castagnino, and Richard K. Assoian*
Department of Pharmacology
tion of cyclin D1 (3 hr after mitogenic stimulation ofUniversity of Pennsylvania School of Medicine
quiescent cells), and this premature induction leads toPhiladelphia, Pennsylvania 19104
a correspondingly early activation of cdk4 and cdk2, as
well as a several hour decrease in the duration of G1
phase as cells leave quiescence (Roovers and Assoian,Summary
2003; Welsh et al., 2001). Thus, the choice of signaling
pathways used to induce cyclin D1 (sustained ERK ver-We previously reported that the Rho-Rho kinase path-
sus Rac/Cdc42) has at least two distinct consequencesway controls cyclin D1 expression by preventing its
for cell cycle progression through G1 phase.early G1 phase induction in response to Rac and/or
We previously reported that Rho kinase determinesCdc42, thus increasing its dependence on ERK signal-
whether cyclin D1 is induced by sustained ERK or Rac/ing and actin stress fiber formation. We now show that
Cdc42 (Welsh et al., 2001). Rho kinase is required forthe Rho kinase effector LIM kinase is responsible for
sustained ERK signaling because it promotes stress fi-this effect. Surprisingly, inhibition of Rac-dependent
ber formation and integrin clustering/signaling in growthcyclin D1 expression by LIM kinase is independent of
factor-treated cells (Roovers and Assoian, 2003). Rhoboth cofilin phosphorylation and actin polymerization.
kinase also suppresses Rac/Cdc42-dependent cyclinInstead, specific mutation of its nuclear localization
D1 induction downstream of GTP-loading. This inhibi-and export sequences showed that LIM kinase acts in
tory effect of Rho kinase on Rac/Cdc42 signaling main-the nucleus to suppress Rac/Cdc42-dependent cyclin
tains the mid-G1 phase, ERK-dependent induction ofD1 expression. Our results therefore describe an unex-
cyclin D1 that is typically seen in fibroblastic cells.pected role for LIM kinase that requires nuclear trans-
Rho kinase is best known as a regulator of actin stresslocation. The effect of nuclear LIM kinase on cyclin
fibers through its stimulatory effects on contractility andD1 expression ultimately regulates the duration of G1
actin polymerization (reviewed by Amano et al., 2000).phase and the degree to which G1 phase progression
Rho kinase promotes contractility by inhibiting myosindepends on actin stress fiber formation and imposition
light chain (MLC) phosphatase and by direct phosphory-of cellular tension.
lation of MLC itself. Rho kinase promotes actin polymer-
ization by activating LIM kinase (LIMK) and phosphati-Introduction
dylinositol 4-phosphate 5-kinase. Its effect on LIMK is
the best understood: Rho kinase activates LIMK1 andG1 phase progression in mammalian cells is mediated
LIMK2 by phosphorylating T508 and T505, respectively,by the activities of cyclin D-cdk4 (or cdk6) and cyclin
which in turn catalyze the inactivating phosphoryationE-cdk2. The activation of these enzymes is regulated
of cofilin on S3 (Arber et al., 1998; Sumi et al., 1999;by a complex interplay of signaling pathways that reflect
Yang et al., 1998). Although exceptions exist (Ichetovkinconditions in the extracellular environment. For exam-
et al., 2002), cofilin typically promotes actin depolymeri-ple, the induction of cyclin D1, typically the rate-limiting
zation, so its inactivation by the Rho kinase-LIMK path-step in the activation of cdk4/6, involves cooperative
way stimulates actin polymerization. The combined ef-signaling by receptor tyrosine kinases (RTKs; receptors
fects of Rho kinase on MLC and LIMK phosphorylation
for many mitogenic growth factors), integrins (receptors
result in stress fiber formation. Note, however, that mDia
for extracellular matrix proteins), and the actin cytoskel-
(a Rho kinase-independent effector of Rho) and PAK
eton. At least in most fibroblasts, cyclin D1 is induced (an effector of Rac and Cdc42) also contribute to actin
in mid-G1 phase (9 hr after mitogen stimulation of polymerization (Edwards et al., 1999; Nakano et al.,
quiescent cells), and this mid-G1 phase induction re- 1999; Sells et al., 1997; Watanabe et al., 1999). Besides
quires sustained (5–6 hr) ERK activity (Balmanno and regulating the kinetics of ERK activation (see above),
Cook, 1999; Weber et al., 1997b; Welsh et al., 2001). the polymerization of actin that is associated with stress
RTKs, integrins, and actin stress fibers are jointly re- fiber formation can directly regulate gene expression
quired to sustain the ERK signal long enough to induce because a subset of SRF-dependent genes is strongly
cyclin D1 (Roovers et al., 1999; Roovers and Assoian, stimulated by the consequent depletion of the g-actin
2003; Welsh et al., 2001). pool (Copeland, 2002; Geneste et al., 2002; Gineitis and
Cyclin D1 can also be induced by Rac and/or Cdc42 Treisman, 2001; Mack et al., 2001; Sotiropoulos et al.,
in an ERK-independent manner (Page et al., 1999; Welsh 1999; Tominaga et al., 2000).
et al., 2001; Westwick et al., 1997). Rac/Cdc42-depen- In contrast to its well-characterized effects on stress
dent induction of cyclin D1 requires RTK and integrin fiber formation, the mechanism by which Rho kinase
signaling, but it is independent of stress fiber formation. suppresses Rac/Cdc42 signaling to cyclin D1 remains
In fact, if cyclin D1 is induced by Rac/Cdc42, then all completely unexplored. We now report that LIMK is the
of G1 phase progression in fibroblasts can occur in the effector that suppresses Rac/Cdc42 signaling to cyclin
D1. Surprisingly, the suppressive effect of LIMK on Rac/
Cdc42-mediated cyclin D1 induction is independent of*Correspondence: rka@pharm.med.upenn.edu
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cofilin (its only characterized substrate) and actin poly- LIMK (ca-LIMK) on ERK- and Rac/Cdc42-dependent
cyclin D1 expression. ca-LIMK did not alter the kineticsmerization (its only characterized effect). Moreover, spe-
cific mutation of its nuclear localization and export se- of ERK activation or the mid-G1 phase expression of
cyclin D1 seen in mock-transfected cells (Figure 2A;quences showed that LIM kinase acts in the nucleus to
suppress Rac/Cdc42-dependent expression of cyclin DMSO  ca-LIMK) or in cells transfected with ca-Rac
(Figure 2B; 9 hr). These results indicated that ca-LIMKD1. Thus, in addition to identifying the Rho kinase ef-
fector that suppresses Rac/Cdc42-signaling to cyclin does not inhibit ERK-dependent cyclin D1 expression,
and, indeed, the mid-G1 phase expression of cyclin D1D1, these studies reveal a specific role for LIMK in the
nucleus. seen in the cells expressing ca-LIMK or ca-Rac  ca-
LIMK was ERK dependent, as assessed by its sensitivity
to the MEK inhibitor U0126 (Figure 2C). In contrast, ca-Results
LIMK did block the early G1 phase (Rac/Cdc42-depen-
dent) expression of cyclin D1 seen in response to inhibi-LIMK Suppresses Rac/Cdc42-Dependent
tion of Rho kinase (Figure 2A; Y27632  ca-LIMK; 3–9Expression of Cyclin D1
hr) or ectopic expression of constitutively activated RacSince phosphorylation of MLC and LIMK is among the
(ca-Rac; Figure 2B; 0–6 hr); this effect was independentbest-characterized effects of Rho kinase, we asked if
of Rac/Cdc42 GTP loading (Figure 1C). Thus, LIMK canMLC and LIMK also regulated the signaling pathways
recapitulate the dual effects of Rho kinase on cyclin D1used to induce cyclin D1. Quiescent mouse embryo fi-
expression within G1 phase: it stimulates sustained ERKbroblasts (MEFs) were either pretreated with DMSO,
activity and ERK-dependent cyclin D1 expression whileY27632 (a pharmacological inhibitor of Rho kinase; Ishi-
inhibiting Rac/Cdc42-dependent cyclin D1 expression.zaki et al., 2000), or ML-7 (a selective pharmacological
Note, however, that the stimulatory effect of LIMK oninhibitor of MLC kinase; Saitoh et al., 1987), or transiently
sustained ERK activity is dependent on MLCK (ca-LIMKtransfected with control (empty vector), catalytically in-
does not stimulate stress fiber formation [data notactive Rho kinase (CAT-KD; Amano et al., 1997), or non-
shown], sustain ERK activity, or allow for ERK-depen-activatable (T508A) LIMK1 (Ohashi et al., 2000) expres-
dent cyclin D1 expression in Rho kinase-inhibited cells)sion vectors prior to serum starvation. Cells were then
(Figure 2A; Y27632). In contrast, its inhibitory effect onplated at subconfluence on fibronectin and stimulated
Rac/Cdc42-dependent cyclin D1 expression appears towith bFGF. As expected, the pharmacological inhibitors
be independent of MLCK since ca-LIMK blocks Rac/prevented the formation of stress fibers and focal adhe-
Cdc42-dependent cyclin D1 expression in Rho kinase-sions that occurred in control cells (Roovers and As-
inhibited cells (Figure 2A; Y27632).soian, 2003). Similar inhibitory effects were observed
upon transient expression of either CAT-KD (Roovers
and Assoian, 2003) or LIMKT508A (refer to Figures 3 and LIMK Suppresses Rac/Cdc42-Dependent Cyclin
D1 Expression Independently of Cofilin5), indicating that these constructs were functioning as
effective dominant negatives. The sustained activation Phosphorylation and Actin Polymerization
Since cofilin is the only established substrate for LIMK,of ERK1 and ERK2 (Figure 1A; 3–9 hr) was also blocked
by Y27632, ML-7, and these dominant-negative con- we asked whether cofilin phosphorylation mediated the
inhibitory effect of LIMK on Rac/Cdc42-dependentstructs (hereafter called dn-Rho kinase and dn-LIMK).
While Y27632 inhibits PRKs as well as Rho kinase (Da- cyclin D1 expression. If LIMK suppresses Rac/Cdc42-
dependent expression of cyclin D1 by phosphorylatingvies et al., 2000), the similar effects of Y27632 and CAT-
KD indicate that Rho kinase is the regulator of stress cofilin, then the Rac/Cdc42-dependent expression of
cyclin D1 seen in response to dn-LIMK should befiber formation and sustained ERK activity in these ex-
periments. blocked by a phospho-cofilin mimetic (cofilin S3E; Ag-
new et al., 1995). MEFs were therefore transfected withRho kinase-dependent stress fiber formation prolongs
ERK activity (Roovers and Assoian, 2003), so it was not dn-LIMK and either cofilin S3E or empty vector (control).
After serum starvation, the cells were plated on fibronec-surprising that all of these inhibitory treatments also
prevented the sustained activation of ERKs. However, tin and stimulated with bFGF. Overexpression of cofilin
S3E failed to block the early G1 phase (Rac/Cdc42-the inhibition of Rho kinase and its effectors had very
different effects on the expression of cyclin D1 (Fig- dependent) expression of cyclin D1 seen in dn-LIMK-
transfected cells (Figure 3A; dn-LIMK). The cofilin con-ure 1A). Inhibition of MLC phosphorylation with ML-7
blocked cyclin D1 expression altogether (consistent with struct was functional because it rescued sustained ERK
activity (Figure 3A), stress fiber formation (Figure 3B),the loss of sustained ERK activity). In contrast, when
endogenous LIMK was inhibited by expression of dn- and punctate vinculin staining (Figure 3B) in dn-LIMK
expressing cells.LIMK, cyclin D1 was expressed in early G1 phase, reca-
pitulating the expression pattern seen upon Rho kinase We also performed the converse experiment: if LIMK
suppresses Rac/Cdc42-dependent cyclin D1 expres-inhibition (Figure 1A). Moreover, the early G1 phase ex-
pression of cyclin D1 seen in response to dn-LIMK was sion by phosphorylating cofilin, then expression of a
nonphosphorylatable cofilin (cofilin S3A; Agnew et al.,blocked by coexpression of the p21 binding domain of
PAK (PBD), demonstrating that it was occurring via Rac/ 1995) should block the effect of ca-LIMK and allow for
Rac/Cdc42-dependent expression of cyclin D1. Quies-Cdc42 signaling (Figure 1B). Inhibition of Rho kinase,
LIMK, or MLCK had no effect on the extent or duration cent MEFs expressing ca-LIMK and either cofilin S3A
or empty vector (control) were therefore treated withof Rac/Cdc42-GTP loading (Figure 1C).
We also examined the effect of constitutively active Y27632 (to inhibit Rho kinase and enable Rac/Cdc42
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Figure 1. Inhibition of LIMK Deregulates
Cyclin D1 Expression
(A) MEFs were transiently transfected with
dominant-negative (dn) Rho kinase or dn-
LIMK expression vectors prior to serum star-
vation, or quiescent MEFs were pretreated
with Y27632 or ML-7. Control cells were either
transfected with empty vector or pretreated
with DMSO (vehicle).
(B) MEFs were transiently transfected with
empty vector, vector  dn-LIMK, vector 
the p21 binding domain of PAK (PBD), or dn-
LIMK  the PBD. For (A) and (B), the cells
were plated on fibronectin (FN)-coated
dishes, stimulated with 10 ng/ml bFGF for 0–9
hr, collected at the indicated times, and lysed.
Equal amounts of total cellular protein were
analyzed by immunoblotting with antibodies
to cyclin D1 and cdk4 (loading control). Filters
in (A) were also analyzed for the activation of
ERKs by both gel-shift (indicated by upper
arrow for ERK1 and ERK2; top panels) and
by direct detection of dually phosphorylated
ERK (pERK).
(C) MEFs were transiently transfected with
empty vector, dominant-negative (dn) Rho ki-
nase, dn-LIMK, or constitutively active (ca)
LIMK expression vectors prior to serum star-
vation, or quiescent MEFs were pretreated
with DMSO or ML-7. Cells were plated on
fibronectin (FN)-coated dishes and stimu-
lated with 10 ng/ml bFGF for 0–9 hr. Collected
cells were lysed, and the levels of total Rac,
GTP-bound Rac, total Cdc42, and GTP-bound
Cdc42 were determined by pull-down with
GST-PBD.
signaling to cyclin D1). Consistent with the results in the results in Figure 3 indicate that although cofilin and
actin polymerization mediate the effect of LIMK onFigure 2A, expression of ca-LIMK blocked the expres-
sion of cyclin D1 seen in Y27632-treated cells (Figure stress fiber formation and sustained ERK activity, they
are not required for suppression of Rac/Cdc42-depen-3C; Y27632). However, the expression of cyclin D1 was
not rescued by coexpression of cofilin S3A (Figure 3C; dent cyclin D1 expression.
Y27632). This cofilin construct was functional because
it efficiently blocked sustained ERK activity and ERK- Distinct Effects of Cytoplasmic and Nuclear
LIMK on ERK- and Rac-Dependent Cyclindependent cyclin D1 expression (Figure 3C; DMSO) as
well as stress fiber formation and punctate vinculin D1 Expression
LIMK1 contains a nuclear localization sequence (NLS)staining (Figure 3D). Although cofilin is typically viewed
as an actin binding protein (Bamburg, 1999), Figure 3 in its kinase domain and two nuclear export sequences
(NES) in its PDZ domain (Figure 4; Yang and Mizuno,indicates that the suppressive effect of LIMK on Rac/
Cdc42-dependent cyclin D1 expression is independent 1999). LIMK2 has homologous sequences, and ectopi-
cally expressed LIMKs can be detected in the nucleusof cofilin phosphorylation even if cofilin were to have
effects that are unrelated to actin binding. as well as the cytoplasm (Okano et al., 1995; Osada et
al. 1996; Yang et al., 1998; Yang and Mizuno, 1999).In complementary experiments, we asked if the inhibi-
tory effect of LIMK on Rac-dependent cyclin D1 expres- Leptomycin B (an inhibitor of CRM-1-mediated nuclear
export) results in complete nuclear localization of LIMK1sion required actin polymerization. MEFs were trans-
fected with ca-LIMK before depolymerizing f-actin with (Yang and Mizuno, 1999). We examined the subcellular
distribution of endogenous LIMKs by subcellular frac-cytochalasin D (CCD) or latrunculin B (LatB), or by cultur-
ing cells in suspension (BSA). Expression of ca-LIMK tionation and found that both LIMK1 and LIMK2 were
distributed between the cytoplasm and nucleus, thoughstill suppressed Rac-dependent cyclin D1 expression
even though actin polymerization was precluded (Figure LIMK2 was more abundant in the cytoplasm. The sub-
cellular distribution of endogenous LIMK1 and LIMK23E). (Consistent with the results in Figures 2B and 2C, ca-
LIMK did not block the mid-G1 phase [ERK dependent] showed no change in response to G1 phase progression
(Figure 4B; 0–9 hr) or inhibition of Rho kinase (Figurecyclin D1 expression seen in control cells [Figure 3E; 9
hr; DMSO-treated cells on fibronectin].) Taken together, 4B; Y27632). We occasionally detected a doublet for
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Figure 2. LIMK Suppresses Rac/Cdc42-
Induced Cyclin D1 Expression
(A) MEFs transiently transfected with empty
vector or constitutively active (ca) LIMK were
serum starved, pretreated with DMSO or
Y27632, and then stimulated as described in
the legend to Figure 1.
(B) MEFs were transiently cotransfected with
ca-Rac  vector or ca-Rac  ca-LIMK prior
to serum starvation and stimulation.
(C) Cells were transfected as in (B), serum
starved, and then pretreated with DMSO or
U0126 prior to stimulation. Collected cells
were analyzed by immunoblotting as de-
scribed in the legend to Figure 1 except that
in (A) and (B), anti-phosphoERK was used
to assess ERK activation and anti-ERK was
used to control for loading. Filters were also
immunoblotted with anti-HA and anti-myc to
assess expression of the transiently trans-
fected ca-LIMK and ca-Rac plasmids, re-
spectively.
LIMK1 and LIMK2 in the cytoplasmic and/or nuclear fiber formation (Figure 5A) nor sustained ERK activity (Fig-
ure 5B) was blocked. However, cyclin D1 was now ex-fractions (e.g., Figure 4B; LIMK2), but no consistent pat-
tern was evident over several independent experiments, pressed in early G1 phase (Figure 5B), indicating that Rac/
Cdc42 signaling was no longer suppressed. Thus, theand the functional significance of the two bands remains
to be determined. effects of dn-LIMK on stress fiber formation and sustained
ERK activity versus Rac/Cdc42-dependent cyclin D1 ex-To determine if LIMK subcellular localization affected
cyclin D1 expression, we individually mutated amino pression reflect distinct effects of the dominant negative
in the cytoplasm and nucleus, respectively.acids within the NLS and NES sequences of the dn-
LIMK and ca-LIMK expression vectors (refer to Figure Expression of ca-LIMK, regardless of its subcellular
localization, had no effect on actin stress fiber formation,4A). HA staining of MEFs transiently expressing HA-
tagged dn-LIMKNLS and dn-LIMKNES confirmed the spa- sustained ERK activity, or cyclin D1 expression (data
not shown) when cells were plated on fibronectin andtial specificity of their expression (Figure 5A; HA). The
same spatial specificity was observed when the NES stimulated with bFGF. These results were expected
since the endogenous LIMK is sufficient to stimulateand NLS motifs were mutated in ca-LIMK (data not
shown). The fact that these NES mutants translocate stress fibers and sustained ERK activity, as well as sup-
press Rac/Cdc42-dependent cyclin D1 expression (referto the nucleus (despite mutation of the Rho kinase phos-
phorylation site at T508) is consistent with our subcellu- to Figure 1 and the accompanying legend). We therefore
explored the ability of these spatially restricted ca-LIMKlar fractionation results (Figure 4B), which indicate that
T508 phosphorylation by Rho kinase doses not affect mutants to reverse the effects of dn-LIMK. Expression
of activated LIMK throughout the cell (ca-LIMK) or insubcellular distribution of LIMK1. It is therefore likely
that the structural elements within LIMK determine its the cytoplasm (ca-LIMKNLS), but not in the nucleus (ca-
LIMKNES), was sufficient to reverse the inhibitory effectsubcellular distribution.
Specific expression of dn-LIMK in the cytoplasm (dn- of dn-LIMK on stress fiber formation (Figure 5C, bottom
panels) and sustained ERK activity (Figure 5D). Con-LIMKNLS) was sufficient to disrupt stress fiber formation
(Figure 5A) and sustained ERK activity (Figure 5B). How- versely, the early G1 phase (Rac/Cdc42-dependent)
cyclin D1 expression seen in the dn-LIMK-expressingever, expression of dn-LIMKNLS led to the complete loss
of cyclin D1 rather than an early G1 phase expression cells was only reversed when ca-LIMK was expressed
in the nucleus (Figure 5D; 4.5 hr; compare ca-LIMK and(Figure 5B; compare dn-LIMK and dn-LIMKNLS). This result
indicated that Rac/Cdc42-dependent cyclin D1 expres- ca-LIMKNES to ca-LIMKNLS). Likewise, nuclear (but not
cytoplasmic) ca-LIMK was able to block early G1 phasesion was still suppressed when the dn-LIMK was restricted
to the cytoplasm. Conversely, when dn-LIMK was local- cyclin D1 expression in response to ca-Rac (Figure 5E).
Thus, while cytoplasmic LIMK is required for stress fiberized strictly to the nucleus (dn-LIMKNES), neither stress
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Figure 3. Suppression of Rac-Dependent Cyclin D1 Expression by LIMK Is Independent of Cofilin Phosphorylation and Actin Polymerization
(A and B) MEFs were transiently transfected with empty vector, vector  constitutively inactive (S3E) cofilin, vector  dominant-negative (dn)
LIMK, or dn-LIMK  cofilin S3E.
(C and D) MEFs were transiently transfected with empty vector, vector  constitutively active (ca) LIMK, vector  constitutively active cofilin
(cof S3A), or ca-LIMK  cofilin S3A. Following serum starvation, the cells were pretreated with DMSO or Y27632, seeded on fibronectin (FN)-
coated dishes containing coverslips, stimulated with 10 ng/ml bFGF for 0–9 hr, collected, lysed, and analyzed for activation of ERK and
expression of cyclin D1 and cdk4 by immunoblotting as outlined in the legend to Figure 1 (using anti-phosphoERK to assess activation and
anti-ERK to control for loading). In (B) and (D), cells that had been incubated on FN with bFGF for 9 hr were permeabilized and analyzed for
f-actin and vinculin by epifluorescence microscopy (bar  5 m).
(E) MEFs were transiently transfected with constitutively active (ca) Rac and/or ca-LIMK plasmids. The amount of total DNA was brought to
5 g with empty vector. Following serum starvation, transfected cells were either directly plated on BSA-coated dishes or first pretreated
with DMSO, cytochalasin D (CCD), or Latrunculin B (LatB), and then plated on fibronectin (FN)-coated dishes. The cells were stimulated with
10 ng/ml bFGF for 3 and 9 hr, collected, lysed, and analyzed for the expression of cyclin D1 and cdk4 by immunoblotting.
formation and ERK-dependent expression of cyclin D1 LIMK Regulates the Duration of G1 Phase
and Imposes the Stress Fiber Requirement on G1in mid-G1 phase, nuclear LIMK is responsible for the
suppression of Rac/Cdc42-mediated cyclin D1 induc- Phase Progression
We recently reported that by suppressing Rac/Cdc42tion. These data reveal a new biology for LIMK in the
nucleus, yet one that is nevertheless consistent with signaling to cyclin D1, Rho kinase has at least two dis-
tinct effects on cell cycle progression (Roovers and As-the motif structure of this protein and the subcellular
localization of LIMK. soian, 2003; Welsh et al., 2001). First, it controls the
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known to sequester p21-family cdk inhibitors and facili-
tate the activation of cyclin E-cdk2 (Cheng et al., 1999;
Sherr and Roberts, 1999). Overall, our data indicate that
activation of LIMK plays an important role in the regula-
tion of G1 phase cell cycle progression by Rho kinase.
Kinetically Distinguishable Effects of PAK
and Rho Kinase on LIMK and Rac-Dependent
Cyclin D1 Expression
Although our studies have focused on the activation of
LIMK by the Rho-Rho kinase pathway, several studies
have shown that PAK1 and PAK4 (effectors of Rac and
Cdc42) can also catalyze the same activating phosphor-
ylation of LIMK1 at T508 (Dan et al., 2001; Edwards et
al., 1999). Activation of LIMK by both Rho-Rho kinase
and Rac-PAK signaling would seem to be in conflict
since Rho suppresses early G1 phase cyclin D1 expres-
sion while Rac stimulates early G1 phase cyclin D1 ex-
pression. To address this paradox, we expressed dn-
Rho kinase or a broad-spectrum, dominant-negative
PAK (kinase-dead PAK1 CRIBH83L/H86L/L299R; dn-PAK) in
MEFs and then performed in vitro LIMK kinase assays
to compare the times in G1 phase during which endoge-
nous PAKs and Rho kinases regulated endogenous
Figure 4. LIMK Is Localized to Both the Cytoplasm and Nucleus LIMK activity (results for LIMK1 and LIMK2 were similar
(A) The schematic shows the location and amino acid sequences and are shown for LIMK2 in Figure 7A). LIMK activity
of the nuclear export sequences (NES) and the nuclear localization was sustained through the first 9 hr of G1 phase (vector)
sequence (NLS) within the PDZ and kinase domains of LIMK, respec-
and was blocked by the inactivation of either Rho kinasetively. The NES and NLS were inactivated by mutating the underlined
or PAK. But activation of LIMK by PAK (as shown in theresidues to alanines as described by Yang and Mizuno (1999).
(B) Quiescent MEFs were treated with DMSO or Y27632, stimulated Rho kinase-inhibited cells) was limited to the first hour
with 10% FBS, and collected at the indicated times before prepara- after serum stimulation whereas activation of LIMK by
tion of cytoplasmic (C) and nuclear (N) fractions. Lysates were ana- Rho kinase (as shown in the PAK-inhibited cells) was
lyzed for endogenous LIMK1, LIMK2, RhoGDI (cytoplasmic marker), restricted to 3–9 hr after serum stimulation. Cyclin D1
and pRb (nuclear marker) by immunoblotting.
was expressed prematurely in the Rho kinase-inhibited
cells (the expected consequence of derepressed Rac/
Cdc42 signaling; see above), but not in the PAK-inhib-duration of G1 phase as cells leave quiescence because
Rac/Cdc42-dependent cyclin D1 expression results in ited cells (Figure 7A, inset). These results suggested
that the transient nature of PAK activation might bean early activation of cdk4 and cdk2, and a more rapid
entry into S phase. Second, it determines whether actin preventing it from playing a role in regulating LIMK activ-
ity or cyclin D1 expression throughout G1 phase.stress fibers (cellular tension) are required for prolifera-
tion: ERK-dependent cyclin D1 induction is stress fiber We performed immune complex kinase assays to
compare the G1 phase activation profiles of PAK1,dependent while Rac/Cdc42-dependent cyclin D1 in-
duction can occur despite inhibition of stress fiber for- PAK4, Rho kinase 1, and Rho kinase 2 using recombi-
nant LIMK1 as substrate. The activation of both PAK1mation. Since the results above show that LIMK recapit-
ulates the effects of Rho kinase on ERK- and Rac/ and PAK4 was transient, limited to the first hour after
mitogenic stimulation while the activation of both RhoCdc42-dependent signaling to cyclin D1, we asked if
LIMK could recapitulate the full effect of Rho kinase on kinase isoforms was sustained through 9 hr (Figure 7B).
Moreover, when we artificially prolonged PAK activityG1 phase cell cycle progression.
Quiescent MEFs transiently transfected with control, by transient transfection of a constitutively active PAK1
mutant (PAK1H83L/H86L; ca-PAK), we found that the (Rac-dn-Rho kinase, or dn-LIMK expression vectors were
stimulated to enter G1 phase. We found that inhibition dependent) expression of cyclin D1 seen in Rho kinase-
inhibited cells was now blocked (Figure 7C; Y27632;of either Rho kinase or LIMK accelerated S phase entry
by 3–4 hr (Figure 6A). At the molecular level, inhibition compare vector versus ca-PAK). This effect was specific
since mid-G1 phase (ERK-dependent) expression ofof either Rho kinase or LIMK resulted in an accelerated
formation of catalytically active cyclin D1-cdk4 com- cyclin D1 seen in the control cells was not affected by
ca-PAK (Figure 7C; DMSO; compare vector versus ca-plexes that paralleled the induction of cyclin D1 (Figure
6B). The activation of cyclin E-cdk2 was also early (3 PAK). Thus, the short-lived nature of the endogenous
PAK signal prevents it from negatively regulating Rac/hr), as compared to control cells (Figure 6C). Since the
G1 phase expression profiles of cyclin E, cdk2, p27kip1, Cdc42-dependent cyclin D1 expression.
Mechanistically, it is noteworthy that inhibition of PAKor p21cip1 were unaffected by inhibition of either Rho
kinase or LIMK (Figure 6D), the effects on cyclin E-cdk2 activity does not allow for cyclin D1 expression 1 hr
after mitogenic stimulation, though it effectively inhibitsactivity are likely secondary to the accelerated formation
of cyclin D-cdk4 complexes; these complexes are LIMK activation at this time period (Figure 7A; dn-PAK).
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Figure 5. Selective Inactivation and Activation of LIMK in the Cytoplasm and Nucleus
(A and B) MEFs were transiently transfected with dominant-negative (dn) LIMK, dn-LIMKNLS, or dn-LIMKNES expression vectors.
(C and D) MEFs were transiently transfected with empty vector, dominant-negative (dn) LIMK, or constitutively active (ca) LIMK expression
vectors (top panels), or transiently cotransfected with expression vectors encoding dn-LIMK and either constitutively active (ca) LIMK,
ca-LIMKNLS, or ca-LIMKNES (bottom panels).
(E) MEFs were transiently cotransfected with expression vectors encoding ca-Rac and either ca-LIMK, ca-LIMKNLS, or ca-LIMKNES. After
serum starvation, cells were trypsinized, plated on fibronectin (FN)-coated dishes containing coverslips, and stimulated with 10 ng/ml bFGF.
In (A) and (C), cells that had been incubated for 9 hr were permeabilized and analyzed by epifluorescence microscopy using FITC-phalloidin
(for f-actin). Anti-HA and Dapi were used to identify transfected cells and nuclei, respectively. Bar  5 m. In (B), (D), and (E), cells were
collected at the indicated times, lysed, and analyzed by immunoblotting as outlined in the legend to Figure 1.
Moreover, even the combined inhibition of endogenous least when MEFs are plated on fibronectin and stimu-
lated with an optimal concentration of bFGF (Figure 7C;PAK and Rho kinase did not allow for cyclin D1 expres-
sion in this very early portion of G1 phase (Figure 7C; DMSO). These results were somewhat unexpected since
PAK phosphorylates Raf and MEK (Coles and Shaw,1 hr; Y27632 dn-PAK). The likely explanation for these
results comes from our previous study which showed 2002; Frost et al., 1997; King et al., 1998; Li et al., 2001;
Zang et al., 2002), and overexpression of ca-PAK1 canthat suppression of Rac/Cdc42-dependent cyclin D1 ex-
pression in very early G1 phase (1–2 hr after serum lead to the dissolution of stress fibers (Manser et al.,
1997; Qu et al., 2001; Sells et al., 1997); these effectsstimulation) requires the activation of Rho effectors that
are independent of Rho kinase (Welsh et al., 2001); the would presumably affect sustained ERK activation.
However, our previous studies also showed that PAKactivating phosphorylation of LIMK at T508 by either
PAK or Rho kinase would not be expected to mimic this activity is not required for sustained ERK phosphoryla-
tion when 3T3 cells are plated on fibronectin and stimu-Rho kinase-independent effect. Note also that neither
inhibition nor constitutive activation of PAK affected the lated with bFGF (Welsh et al., 2001). We also find that
expression of ca-PAK does not block stress fiber formationmid-G1 (ERK-dependent) expression of cyclin D1, at
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under these experimental conditions (data not shown).
Our conclusion is that while PAKs can contribute to ERK
activation and stress fiber formation, their effects are prob-
ably context-dependent and not strictly essential.
Finally, we note that our in vitro kinase assays indicate
that Rho kinase is active 1 hr after mitogenic stimulation
(Figure 7B), but several independent experiments using
the procedure in Figure 7A showed that Rho kinase does
not activate LIMK at this early time period (e.g, see
results with PAK-inhibited cells in Figure 7A). The basis
for this discrepancy is not clear, but probably reflects
the fact that a control regulating Rho kinase activity in
the intact cell is not retained when measuring kinase
activity in vitro.
Discussion
Specific Effects of LIMK in the Cytoplasm
and the Nucleus
The induction of cyclin D1 mRNA is typically the rate-
limiting step in activation of cdk4/6, and cyclin D1 gene
expression can be stimulated by either sustained ERK-
or Rac/Cdc42-dependent signaling. We have previously
shown that actin stress fibers are required for the ERK-
dependent induction of cyclin D1, whereas Rac/Cdc42
signaling to cyclin D1 is stress-fiber independent (Roov-
ers and Assoian, 2003). Moreover, if Rac/Cdc42 is used
to induce cyclin D1, then all of G1 phase progression
can occur in the absence of stress fibers. Others have
reported that LIMK is required for stress fiber formation
(Amano et al., 2000; Maekawa et al., 1999), and our
results extend those studies to show that the LIMK effect
on stress fiber formation allows for sustained ERK
activity.
Endogenous LIMK1 and LIMK2 are localized in the
nucleus as well as the cytoplasm, and our use of spatially
restricted LIMK mutants demonstrates that the cyto-
plasmic and nuclear LIMK have distinct roles in regulat-
ing cyclin D1. Cytoplasmic LIMK is involved in sustaining
ERK activity and stimulating ERK-dependent cyclin D1
induction in mid-G1 phase. These results were not sur-
prising considering the links between (1) LIMK and
stress fiber formation, and (2) stress fiber formation and
sustained ERK activity. Nuclear LIMK is specifically in-
volved in the suppression of Rac/Cdc42-mediated
cyclin D1 expression. Together, these results identifyFigure 6. Accelerated G1 Phase Cell Cycle Progression in LIMK-
Inhibited Cells LIMK as the Rho effector that determines whether cyclin
(A) MEFs transiently transfected with control (vector; ), dn-LIMK D1 expression is mediated by ERK or Rac/Cdc42. The
(), or dn-Rho kinase () expression vectors were serum starved, exact mechanism by which nuclear LIMK suppresses
plated at subconfluence in 35 mm dishes, and stimulated with 10% cyclin D1 gene expression remains to be determined,
FBS in the presence of BrdU. Cells were fixed at the indicated times but the cyclin D1 promoter contains AP-1, CRE, and NF-for an analysis of S phase entry by BrdU incorporation (Roovers
B sites, and Rac signaling has the potential to activateand Assoian, 2003). Results show mean  SEM, n  3.
each of these elements (Van Aelst and D’Souza-(B–D) MEFs transiently transfected with control, dominant-negative
(dn) Rho kinase, or dn-LIMK expression vector were serum starved, Schorey, 1997). Others have implicated NF-B (Joyce
replated at subconfluence in 100 mm culture dishes, stimulated with et al., 1999) and reactive oxygen species (Page et al.,
10% FBS, and collected at the times shown. In (B), equal amounts 1999) in Rac-dependent cyclin D1 gene expression. We
of protein from total cell lysates were incubated with anti-cdk4 to
determine cdk4 activity in vitro. Filters were also immunoblotted
with anti-cdk4 and anti-cyclin D1 to monitor loading and the levels
of cyclin D-associated cdk4, respectively. In (C), equal amounts of
protein from total cell lysates were incubated with anti-cyclin E, and cdk2 to monitor the levels of cyclin E-associated cdk2. In (D), equal
the collected immunoprecipitates were used to assess cyclin E-cdk2 amounts of protein from total cell lysates were analyzed by immu-
kinase activity in vitro. Filters were also immunoblotted with anti- noblotting with antibodies to cyclin E, cdk2, p27kip1, and p21cip1.
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note, however, that while Rho kinase-dependent phos-
phorylation of T508A is not required for nuclear translo-
cation of LIMK, it is required for suppression of Rac/
Cdc42-dependent cyclin D1 expression.
The distinct effects of cytoplasmic and nuclear LIMK
have potential implications for the activity of SRF and
TCF, which are regulated by g-actin levels and ERK
signaling, respectively (Gineitis and Treisman, 2001).
SRF activity is stimulated by LIMK-dependent polymer-
ization of actin and the consequent decrease in the
g-actin pool (Geneste et al., 2002; Sotiropoulos et al.,
1999). However, this effect of g-actin appears to be
negated by TCF in promoters (such as c-fos) that contain
adjacent SRF and TCF binding sites (Gineitis and Treis-
man, 2001; Murai and Treisman, 2002). Together, these
studies raise the possibility that SRF-containing promot-
ers which lack TCF sites may respond to the effect of
cytoplasmic LIMK on g-actin levels while SRF-con-
taining promoters which contain adjacent TCF sites may
respond to the effect of cytoplasmic LIMK on ERK acti-
vation. Nuclear LIMK is unlikely to regulate SRF and
TCF activity, at least in understood ways, because its
effects appear to be independent of cofilin phosphoryla-
tion and actin polymerization.
Sequential Activation of LIMK by PAK
and Rho Kinase
LIMK is activated upon phosphorylation of T508, and
effectors of all three major Rho family GTPases—Rho/
Rho kinase, Rac/PAK1, Cdc42/PAK4, and Cdc42/
MRCK—are reported to catalyze this phosphorylation
(Amano et al., 2001; Dan et al., 2001; Edwards et al.,
1999; Ohashi et al., 2000; Sumi et al., 2001a, 2000b).
One group (Sumi et al. , 1999, 2001a) concludes that
Figure 7. LIMK Activity Is Differentially Regulated by PAK and Rho the Rac-PAK pathway phosphorylates LIMK1 at T508
Kinase while the Rho-Rho kinase pathway phosphorylates
(A) MEFs transiently transfected with control (empty vector), domi- LIMK2 at T505. Others have not seen this specificity
nant-negative (dn) Rho kinase, or dn-PAK expression vectors were (Maekawa et al., 1999; Ohashi et al., 2000); nor have we
serum starved, seeded on fibronectin (FN)-coated dishes, and stim-
(Figure 7, and accompanying legend), even though bothulated with 10 ng/ml bFGF. Collected cells were lysed, and equal
LIMK isoforms are expressed in MEFs. However, ouramounts of total protein were incubated with anti-LIMK2 to assess
data indicate that there is a sequential activation of LIMKLIMK2 activity in vitro using recombinant GST-cofilin as substrate.
The amount of GST-cofilin phosphorylation was determined by pho- by PAKs and Rho kinases, with PAKs acting first, in a
sphoimager analysis; LIMK activity is reported fold-stimulation rela- transient manner, followed by a prolonged activation
tive to the quiescent, vector-transfected cells. Filters immunoblotted through Rho kinases. This transient activation of LIMK
with anti-LIMK2 (data not shown) confirmed equivalent immunopre-
by PAKs may have an important role in cytoskeletalcipitation of LIMK2 in each sample. The inset in (A) shows the pattern
remodeling during cell spreading and migration, but itof cyclin D1 expression (D1) in each condition; controls (data not
shown) indicated that the loading and expression of transfected is insufficient to suppress cyclin D1 expression. In fact,
proteins were constant. others have reported that Rac/Cdc42 controls G1 cell
(B) Quiescent MEFs were plated on FN and stimulated with 10 ng/ cycle progression independently of PAK (Lamarche et
ml bFGF. At the indicated times, cells were collected and lysed,
al., 1996). One early report (Higuchi et al., 1996) indicatedand equal amounts of total cell protein were incubated with anti-
that LIMK1 is induced in mid-late G1 phase of fibro-PAK1, anti-PAK4, anti-Rho kinase 1, or anti-Rho kinase 2 to assess
the kinase activities of the immunoprecipitated proteins in vitro us- blasts, but we see constitutive expression of both LIMK1
ing GST-LIMK1 as substrate. The amount of GST-LIMK phosphory- and LIMK2 in both control and Rho kinase-inhibited
lated by each immune complex was determined by phosphoimager MEFs (data not shown). Higuchi et al. (1996) also re-
analysis and is presented as fold stimulation relative to the quiescent
ported that LIMK1 has an overall inhibitory effect oncell. For (A) and (B), results show mean  SEM, n  3.
proliferation of NIH-3T3 cells, but they could not detect(C) MEFs were transfected with control (empty vector), ca-PAK, or
a role in G1 phase progression. The basis for the differentdn-PAK expression plasmids prior serum starvation. Starved cells
were preincubated with DMSO (vehicle) or Y27632 and then stimu- results is not clear, but it is probably not related to MEF-
lated on FN-coated dishes with 10 ng/ml bFGF. Lysates from col- specific effects since we have reproduced the salient
lected cells were analyzed by immunoblotting for the expression of mechanistic aspects of our studies in NIH-3T3 cells (data
myc-tagged PAKs, pERK, cyclin D1, and cdk4 (loading control).
not shown).
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above in the continued presence of the inhibitor. The analysis ofEffects of LIMK on the G1 Phase Cdks
actin polymerization and vinculin staining was determined by epiflu-and Cell Cycle Progression
orescence microscopy as described (Roovers et al., 1999; RooversIn contrast to the effects of LIMK on cyclin D1 induction
and Assoian, 2003).
and activation of cdk4, the inactivation of either Rho
kinase or LIMK had no effect on the expression of
Biochemical Procedurescyclin E, cdk2, p21cip1, or p27kip1. The absence of a pri-
Cells were collected, lysed, fractionated on reducing SDS-gels, andmary effect of Rho kinase or LIMK inhibition on the p21
immunoblotted as described (Roovers et al., 1999; Welsh et al.,family cdk inhibitors is in striking contrast to results
2001) using antibodies to cyclin D1 (Santa Cruz, sc-8396), cdk2
showing that inhibition of Rho upregulates p21cip1 and (UBI, 06-505), cdk4 (Santa Cruz, sc-260), ERK (Transduction Lab,
p27kip1 to inactivate cyclin E-cdk2 (Adnane et al., 1998; M12320), phosphoERK (Cell Signaling, 9101S), MEK1 (Transduction
Lab, M17020), cyclin E (Santa Cruz, sc-481), cdk2 (UBI, 06-505),Auer et al., 1998; Olson et al., 1998; Sahai et al., 2001;
p21cip1 (Santa Cruz, sc-6246), p27kip1 (Transduction Lab, K25020),Weber et al., 1997a; our unpublished data). Thus, extra-
HA (Boehringer Mannheim, 1583816), and myc (9E10). Rac/Cdc42cellular or intracellular signals that regulate Rho versus
GTPase activation assays were performed as described (Welsh etRho kinase/LIMK activity will have very different conse-
al. 2001). In vitro cyclin D1-cdk4 and cyclin E-cdk2 kinase assays
quences for G1 phase cell cycle progression. Moreover, using GST-Rb and histone H1, respectively, as substrates were
inhibition of the Rho kinase-LIMK pathway allows for performed as described (Roovers and Assoian, 2003; Welsh et al.,
2001).cell cycle progression in the absence of actin stress
To assay LIMK activity, washed cell pellets (3  106 cells) werefibers (this report). While mechanisms that directly affect
extracted in 150 l of freshly prepared lysis buffer (50 mM Tris-HClthe Rho kinase-LIMK pathway have yet to be identified,
[pH 8], 250 mM NaCl, 5 mM MgCl2, 0.1% NP-40, 10 g/ml aprotinin,the Rho-Rho kinase-LIMK pathway can be altered by
10 g/ml leupeptin, 1 mM PMSF, 50 mM NaF, 10 mM Na3VO4). Equalchanges in Rac-GTP levels (Sander et al., 1999) or by amounts of cell lysate (250 g in 150 l lysis buffer) were incubated
alterations in integrin signaling (del Pozo et al., 2000), with 3 g anti-LIMK2 (Santa Cruz, sc-5577) for 2 hr on ice and then
with 50 l washed protein A-agarose for 2 hr at 4	C with rocking.events that likely occur during development and matrix
Collected immunoprecipitates were washed twice with cold lysisremodeling. We speculate that changes in the activity
buffer, twice with cold kinase reaction buffer (20 mM HEPES [pHof cytoplasmic and nuclear LIMK will allow cells to mod-
7.4], 10 mM MgCl2, 150 mM NaCl, 10 g/ml aprotinin, 10 g/mlulate the signaling pathways that induce cyclin D1 and
leupeptin, 5 mM NaF, 10 mM Na3VO4), once with kinase reactioncontrol the importance of actin-dependent tension dur- buffer containing 50 mM KCl, and then once with kinase reaction
ing G1 phase progression. buffer. The washed immunoprecipitates were suspended in 50 l
kinase reaction buffer (without inhibitors), containing 5 g GST-
Experimental Procedures cofilin, 10 M ATP, and 20 Ci 
32P-ATP (3000 Ci/mmol) and incu-
bated at room temperature for 30 min. Kinase reaction products
Expression Vectors were fractionated on reducing SDS-gels and transferred to nitrocel-
The vectors used were: activated Rac1 (Q61L), p21 binding domain lulose membranes. The amount of 32P-cofilin was visualized and
of PAK (PBD), CAT-KD Rho kinase (Amano et al., 1997), T508A quantified by phosphoimager analysis. Controls indicated that the
(nonactivatable) and T508EE (constitutively active) human LIMK1 immunoprecipitation depleted 50% or 80% of LIMK1 or LIMK2,
(Ohashi et al., 2000), cofilin S3A and S3E (Agnew et al., 1995), kinase- respectively, and that the kinase assays were in the linear range
dead PAK1 CRIB (H83L/H86L/L299R; Tang et al., 1997), constitu- between 100–500 g of cell lysate. The specificity of the LIMK anti-
tively active PAK1 (H83L/H86L) or pCDNA3 (empty vector). Inactivat- bodies was determined by immunoblotting recombinant GST-LIMK1
ing mutations of the human LIMK1 NLS and NES were generated and LIMK2, as well as by immunoprecipitation/immunoblotting of
in T508A-LIMK and T508EE-LIMK by site-directed mutagenesis total cell lysates using anti-LIMK1 and anti-LIMK2. Anti-LIMK2 was
(Quick-Change; Stratagene), based on results in Yang and Mizuno specific. Anti-LIMK1 was specific when used in immunoprecipitation
(1999). The mutations were K499A/K500A (NLS) and L236A/I239A/ and showed 5-fold preferential binding to LIMK1 in immunoblots.
L241A/L249A/L252A (NES). Recombinant GST-cofilin (expressed To assay PAK and Rho kinase activities, washed cell pellets
in bacteria) and recombinant GST-tagged human LIMK1 (expressed (1.5  106 cells) were processed as described for LIMK activity
in Sf9 insect cells) were purified by affinity chromatography on gluta- with the following changes: (1) the cells were extracted in 20 mM
thione-Sepharose beads using standard procedures. Note that CAT- Tris (pH 7.6), 250 mM NaCl, 20 mM sodium phosphate, 10 mM
KD Rho kinase and LIMKT508A act as dominant negatives for both sodium pyrophosphate, 5 mM EDTA, 3 mM -glycerophosphate,
isoforms of Rho kinase (ROK/Rho kinase 2 and ROK/Rho kinase 0.5% NP-40; (2) cell lysates (100 g in 80 l) were incubated with
1) and LIMK (LIMK1 and LIMK2), respectively, presumably by se- anti-PAK1 (10l; gift from M. Schwartz), anti-PAK4 (5 l; Cell Signal-
questering downstream effectors. Similarly, kinase-dead PAK1 ing, #3242), anti-Rho kinase 1 (10 l; BD Transduction Lab Phar-
CRIB (H83L/H86L/L299R) should sequester effectors common to mingen 611137) or anti-Rho kinase 2 (10 l; BD Transduction Lab
different members of the PAK family. Pharmingen 610624); (3) immunoprecipitates were washed with a
different kinase reaction buffer (20 mM HEPES [pH 7.4], 10 mM
Cell-Based Procedures MgCl2, 2 mM DTT, 0.1 mM EDTA); and (4) the kinase reactions were
Established MEFs transiently transfected with expression vectors performed with GST-LIMK1 (5 g) as substrate. Controls indicated
(5 g or 2.5 g when used in cotransfections) were serum starved, that the immunoprecipitation depleted 75%–95% of the protein and
trypsinized, suspended in serum-free defined medium (1.5  106 that the kinase assays were in the linear range between 50–200 g
cells/10 ml), stimulated with 10 ng/ml bFGF, and immediately plated of cell lysate. Equal amounts (50 g) of total cell lysate were
on 100 mm culture dishes that had been coated with fibronectin or fractionated for immunoblot analysis.
BSA as described (Roovers et al., 1999; Welsh et al., 2001). Transfec-
tion efficiency of the different expression plasmids was 75%–85%
as determined by immunofluorescence with epitope tags, and Subcellular Localization of LIMK
LIMK localization was determined by subcellular fractionation. Se-cotransfection of plasmids did not affect expression levels as
compared to those observed when the plasmids were transfected rum-starved MEFs (2  106 cells/20 ml) pretreated with DMSO or
Y27632 were reseeded in 150 mm dishes and stimulated with 10%individually. Alternatively, serum-starved MEFs were trypsinized,
suspended in defined medium, pretreated (30 min at 37	C) with FBS. Cells were collected after 9 hr of incubation and fractionated
using the NE-PER Extraction Reagents (Pierce). Collected cells wereY27632 (10M; Tocris), ML-7 (10 M; Biomol), cytochalasin D (CCD;
2 M; Calbiochem), Latrunculin B (0.5 M; Calbiochem), U0126 (50 resuspended in 0.2 ml CER-I. Cytoplasmic and nuclear fractions
were then generated as described by the manufacturer and madeM; Promega), or DMSO (vehicle), and then stimulated as described
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equivolume by concentrating the cytoplasmic fraction with a Speed- Davies, S.P., Reddy, H., Caivano, M., and Cohen, P. (2000). Specific-
ity and mechanism of action of some commonly used protein kinaseVac evaporator. The entire cytoplasmic and nuclear fractions were
then diluted with 5 SDS sample buffer, resolved on a reducing inhibitors. Biochem. J. 351, 95–105.
SDS gel, transferred to nitrocellulose, and immunoblotted with anti- del Pozo, M.A., Price, L.S., Alderson, N.B., Ren, X.D., and Schwartz,
LIMK1 (Santa Cruz, sc-5576) and anti-LIMK2 (Santa Cruz, sc-5577) M.A. (2000). Adhesion to the extracellular matrix regulates the cou-
Membranes were also immunoblotted with anti-pRb (Zymed 28- pling of the small GTPase Rac to its effector PAK. EMBO J. 19,
0007) and anti-RhoGDI (Santa-Cruz, sc-359) as nuclear and cyto- 2008–2014.
plasmic markers, respectively.
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